INTRODUCTION
The bolted joints are the most used type of joints in space structures and the most critical elements in designing safe and efficient carbon-fiber reinforced polymer (CFRP) materials structures. Due to the fact that the joints represent the weakest points in the space structures, the structural integrity and load-carrying capacity of the overall spec structure are deep influenced by the design approach. The stress and strain fields in bolted joints are highly three-dimensionally and the most important causes are bolt bending and tilting, bolt pre-load and secondary bending. Regarding the composite joints, the stress field near the hole is truly three-dimensional due to the interlaminar stresses at free edges influencing the bearing mode of failure. The aim of this study is to compare two different FEM techniques, the 2D linear and the 3D nonlinear solutions in MSC PATRAN-NASTRAN commercial software for single bolt single lap composite joints with applicability in the space structures.
Problem Description
The joint geometry proposed for this study is a standard configuration related to the characterization of mechanically fastened composite joints, MIL-HDBK-17, [1] , [2] and ASTM D 5961/D 5961M-96, [3] , in which it states that single lap joint configuration is more representative than double lap joint for the most critical bolted joints configuration in space applications. The specimen geometry is shown in Fig. 1 . The joint geometry is based on the ASTM standard D 5961/D 5961 M-96, [3] . The geometric ratios, w/d = 6, e/d = 3, d/t = 1.6, were designed to induce bearing failure. The carbon fibre/epoxy material used in the experiments was HTA/6376, manufactured by Hexcel Composites, a high-strength material currently used in the aircraft industry.The lay-up is one quasi-isotropic with stacking sequence [45/0/-45/90]5s. The ply thickness was nominally 0.13 mm, yielding a nominal laminate thickness of 5.2 mm when cured. The bolts used were aerospace grade Titanium alloy fasteners with nominal diameter of 8 mm. Steel nuts together with steel washers were also used. The clearances chosen for this study are shown in Table 1 . For a nominal 8 mm hole diameter, they represent percentage clearances of 0%, 1%, 2% and 3% and are coded C1-C4 respectively. Clearances C1 and C2 are within current aerospace tolerances, while C3 and C4 are slightly outside. The latter two are thus of interestin examining the possible effects of out-of-tolerance aerospace holes (or fasteners), and also in non-aerospace applications. The screw is mounted with a torque of 0.5 Nm which represents the smallest torque needed for installation.
FEM Description
The first part of this paper presents a study on quality and optimization of the FEM model with finite elements starting from a model with 2D-shell elements for plates and 1D-beam elements shown in Fig. 2 (the part caught in the machine test is not modeled). For a three-dimensional distribution of stress and strain state, meshing is required using solid 3D elements, as shown in Fig. 3 . In Fig. 3 five solid bodies were molded, namely: the two composite plates, the washers under the screw head and below the nut and the bolt-nut coupling. The interaction between these bodies was modeled by RBE (Rigid Bar Element) rigid elements representing the nonlinear contact. To ensure the convergence of the nonlinear analysis solution, the rigid movements of the washers, the screw and the upper plate were removed by means of special couplings (CELAS 1) with very low stiffness (10 N / mm) connecting these solids to each other. With regard to the boundary conditions as shown in Fig. 2 , the left end of the lower plate is fixed; it has all the locks blocked, and the right end of the upper plate is free to move only in the direction of the force application. In terms of imposed load, a force of 5 kN (force imposed) is applied at the right end of the upper plate, as shown in Figs. 2 and 3 .
In this paper, a composite joint is studied using 2D and 3D approaches with finite element models in PATRAN-NASTRAN commercial software. For each approach (2D and 3D), the composite material of the plates is defined differently.
The modeling of composite material in the PATRAN-NASTRAN commercial software for the 2D model involves the first modeling of the HTA / 6376 unidirectional orthotropic lamina in the material module using 2D orthotropic material data. The unidirectional properties of the lamina are presented in Table 2 . The other parts of the joint, the titanium bolt and the steel washers are molded with isotropic properties having E bolt = 110 GPa,  bolt = 0.29 and E washer = 210 GPa,  washer = 0.3.
Contact Description
In the case of 2D model, the contact between the screw and the surface of the hole is rigidly made by RBE 2 rigid elements by which only translations are transmitted as shown in Fig. 4 . For the 3D model, the contact between the bolt and the surface of the hole is achieved by the direct method of the constraints explained in the following. The method requires the definition of contact bodies, bodies that can be contacted.
The bodies in contact may be whole physical bodies (laminated plates, bolt, washers) but it has been shown [4] that it is more efficient to consider sets of elements of these physical bodies in contact, as shown in Fig. 5 , because the number of checks for contact between bodies at each iteration of the solution is reduced. A specific tolerance is used to determine if a node penetrates the nearest segment and then it is considered to be in contact with that segment, if so, it is moved to the segment and constrained to stay on it. If the node penetrates the tolerated contact area the solution is resumed and a new node position is calculated by checking if it is in the contact tolerated area. If the tolerance is too small then the iteration time of the solution and the determination of the node position in the tolerated zone will be very long and considerable hardware resources will be required, but too big tolerance will lead to a premature and unrealistic determination of the contact between two bodies. The default contact tolerance value in PATRAN is the twentieth part of the smallest side of the smallest element, but because this study used 80 μm hole clearance, a contact tolerance of 10 μm, identical to that used by McCarthy et al. [4] , will be used. In PATRAN there is the possibility of defining contact as "single-sided" or "double-sided", the contact between the bodies is made in one sense or in both senses and the order in which the two bodies are defined in contact is important.
In the present paper, only the "single-sided" contact is used, since the "double-sided" variant can lead to cracks at the contact interface, and the joining component with the finer (stiffer) mesh has to be defined the first (slave) in the process of defining the contact, the component with a coarser mesh must be defined the second (master).
This order for defining the bodies in contact has a direct implication on the restrictions imposed on the FEM model of the joint. For the contact between the two composite plates, it does not matter the order in which the contact is defined because they have the same elements size, but this leads to the possibility of penetration of the calculating grid on a plate by the nodes on the other in the area around hole when the joint is deformed. This error is an FEM error and cannot be solved by changing the order in which the bodies are defined in contact, but only by a radial meshing of the mesh around the hole. Another step in defining nonlinear contact phenomena is the choice between the analytical contact and the discreet contact, which will be briefly described below. When a node on a solid reaches the contact segment on the other solid, the node is constraint on this segment along the normal to this segment. In the case of discrete contact for normal detection, the linear representation with the finite elements of the contact surface is used which leads to the calculation of the normal of each element. If the surface is not planar, when the node touching the contact segment on the surface of the other solid in contact, being in the tolerated contact area, it is shifted and constrained on the contact segment, making it possible for the moving process and constraint, the surface having a curve, the node is blocking between 2 differently normal elements due to the discontinuity of the normal elements.
This impediment has an adverse effect on the quality of the results as observed by McCarthy et al. [4] in their work on single bolt joint, single shear of composite materials.
In the case of analytical contact, a smooth Coons surface is constructed through the nodes of the solid contact segment, and then this analytical surface is used to calculate the continuous normal at the contact surface between the two solids, thus solving the problem of node blocking due to the discontinuity of normal the contact surface between the bodies.
This method leads to a better representation of the geometry of the joint, especially its deformation and the accuracy of the numerical results is far superior to the technique of discrete contact [4] .
COMPARISON WITH EXPERIMENTS
In this chapter a comparison with experiments and other FE solutions [4] is briefly presented. Two different metrics are used to compare the experiments and simulations:
 strains at selected points on the joint surface  joint stiffness The specimen is prepared for the test applying 8 strain gauges on the surface of the upper laminate as presented in Fig. 6 . The next tables show the numerical and experiment strains for the two 2D and 3D models. From the above tables some remarks can be concluded [4] :  Gauges 1 and 2 indicate a significant amount of bending at this location. For gauge 1, the tensile strain due to the applied load is virtually balanced by the compressive strain due to bending, giving a near-zero output.  The axial strain in the laminate, obtained by averaging the strains in gauges 1 and 2, is 379.3 microstrain at an applied load of 5 kN, or a gross-section stress of 20.0
MPa. Thus, the measured axial strain indicates a material modulus of 52.8 GPa, which compares well with the theoretical value (see E xx for the quasi-isotropic layup in Table 2 ). This provided some confidence that the gauges were reading correctly.  The bending strain at the same location, obtained by differencing the strains in gauges 1 and 2, and dividing by two, is 380.9 microstrain.  The outer surface of the overlap region (gauges 3, 4, 5, 6 and 8) is in compression despite the fact that a tensile load is being applied to the joint. This is due to bending of the joint (termed ''secondary bending''). Gauge 4 (which is in line with the edge of the washer) displays the highest compressive strains of all the longitudinallyoriented gauges.  The transverse gauge 7 shows significant compressive strains. If the surface of the laminate possessed singlecurvature only (flat across the width) this strain would be expected to be tensile due to Poisson's effect (since the longitudinal strain on the surface is compressive). The fact that it is compressive indicates that a ''saddling effect'' occurs (i.e. the surface has double curvature).
Stiffness of the Joint
In order to calculate the stiffness of the joint, the compliances of the bolt and the clamped parts must be calculated as well. Hereafter, the formulas for the compliances are briefly described. It is considered the compliance of the bolt, δ b , which is determined by the formula: (Fig.8) , the compression zone is comprised only in the cone area, and the compliance of the plates is given by:
If the D uh,br <D avail <D lim , the compression zone is partly developed in the cone zone and the compliance of the plates is given by: Compliance of the joint is the sum of plaque and screw compliances:
Applying a variable force between 2-7 kN to the joint, the characteristic curve of the material is linear [4] , so the rigidity of the joint is determined within this range. The tensile force of the joint is obtained from the test machine, but the measurement of the deformations is quite difficult.
Studying this type of joint McCarthy et al. [4] used a series of methods such as the use of serially known springs, extensometers located in the plate overlapping area to determine joint stiffness in this area.
After a series of repeated tests on different specimens, using linear displacement transducers, the rigidity of this joint was determined to be 28 kN / mm. 
Von Mises Stress in Composite Plates
In this chapter a von Mises stress study in the composite plate is presented for both the FEM model 2D and 3D. The results of the 2D and 3D models for C1 and C4 are shown below. In Fig. 9 and 10 one can observe the total deformation (translation + rotation) of the joint in both C1, C4 clearance cases (see Table 1 ) for the 2D model of the composite plates, and the maximum joint deformation is 0.364 mm for C1 and 0.360 mm for C4. In Figs. 11-15 the von Mises and shear stress state are shown around the hole for the two 2D and 3D optimized models on layers of the CFRP plates. Note that the maximum stress for the 2D model is 368 Mpa located on layer 1 (orientation 0 degrees), and for the 3D model, the maximum stress is 196 Mpa, located on layer 4, which was expected because its fibers are oriented in the direction of force.
COMPARISON WITH OTHER FEA SOLUTIONS
The first comparison in the study will be made with the numerical results obtained by McCarthy et al. [4] on a 3D FEM model very similar to the FEM 3D model developed in this paper. The developed model is also compared with the results obtained by Andersson [5] ,
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which used its own h-p finite element code called STRIPE for the same geometry of the joint. With considerable computing resources, Andersson used a very fine meshing with upper-order elements up to order 4, totaling 1.2 million degrees of freedom, allowing for a highly accurate solution.
Ekh [6] modeled the same geometry of the joint using ABAQUS commercial software, and the number of degrees of freedom is similar to that of McCarthy et al. [4] , but the layout of the mesh is different.
In order to facilitate the comparison of the four models, we will use three comparison criteria, namely:
 out of plane displacements, on normal composite plates,  the plate displacements at the surface,  the distribution of the stresses in the composite plates around the hole.
Out Of Plane Displacements
The experimental results obtained by McCarthy et al. [4] verified in the present paper suggested a possible twist of the joint around the longitudinal axis and Ekh [6] using solid elements layered in ABAQUS determined out of plane displacements of the composite plates (displacement z) for nodes disposed on the two sides of the plates at half their thickness.
He noticed the tendency of the joint to twist along the longitudinal axis x, since it obtained different values for the z displacements on the two sides of the plates. A comparison of the three models (McCarthy et al. [4] , Ekh [6] and the 3D model developed in the present paper) is presented in Fig. 16 . As it can be seen from the above figure, the results are comparable and accurately anticipate the secondary bending of the joint as well as the longitudinal twisting which is a consequence of the non-uniform contact forces (due to bolt rotation) distributed over the thickness of the plates.
Although the twisting degree of the joint is reduced, the phenomenon is important for mechanical joints that require bonding.
Surface Strains
The gauge strains obtained by McCarthy et al. [4] , Andersson [5] are presented in the figures below and a comparison can be made with the 3D model results from this paper.
As it can be seen, the results of the models are in good agreement, concluding that a finer mesh of the 3D optimized model will not produce results closer to the values obtained by the test with respect to the secondary bending of the joint. Four test configurations have been set according to C1-C4 hole clearances. In cases with very small hole clearances (C2, C3), the required tolerance for contact definition was chosen rather carefully and one-sided contact was used, which required the imposition of modeling restrictions on the various components of the joint. It has also been found that the choice of analytical contact over the numeric is essential for the accuracy of the results due to bending and twisting of the joint.
By comparing the numerical and experimental results, a considerable bending of the joint was found, so the outer surface of the composite plates is compressed although the applied force is a tension force.
Both numerical and experimental results have shown that the surface of the plates has a double curvature, a phenomenon that occurs at the bending of the long beams. Also, there was a slight twist along longitudinal axis of the joint.
The study of the strains on the outer surfaces of the plates showed that these strains are independent of hole clearance, except for the area required near the hole.
The numerical results of this paper were compared with the numerical and experimental results obtained by McCarthy et al. [4] as well as the numerical results obtained by Andersson [5] and Ekh [6] using different codes on the same type of joint.
The three FEM models yielded comparable results in terms of joint stiffness, secondary bending and twisting around the longitudinal axis.
The mesh size (number of degrees of freedom) for the optimized FEM model provided sufficient refinement of the model considering that the specific deformations of the surface of the plates were consistent with Andersson's model [5] which had a number of degrees of freedom of the order 10 6 .Therefore, by refining the FEM model, there will be no results substantially closer to the experimental ones in terms of secondary bending.
A better prediction of the experimental results can be done either by changing the boundary conditions for a better representation of the plate holding between the slides or by more detailed modeling of the composite material (the matrix) by which a relative movement between laminae it is possible. Also, introducing a non-linear constituent relationship for transverse shear stresses could improve the laminar shear behavior. Considering the stresses around the hole, the numerical singularities in the model were noted, which are limitations of the model and must be treated with the utmost care. These singularities exist at the interface between various components of the joint such as washer-bolt, composite-washer, composite-bolt and laminae interfaces (on the surface of the hole), needing a great deal of attention to using stresses in the vicinity of these areas in strength calculation or local stress concentrators.
Concluding, it was demonstrated that FEM 2D and 3D models of composite joints are able to provide comparable results to the experimental ones except for the numerical singularity regions mentioned above. Three-dimensional phenomena such as screw twist, secondary bending, and variation through thickness of stress and defects have been successfully anticipated by such 2D and 3D models.
The major outcoming of this study is the ability of the 2D model using linear analysis solution to predict the secondary bending and variations through thickness stresses (output results on the layers) witch are three-dimensional phenomena in nature.
